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ABSTRACT

There 1s provided an optical tomographic observation device

which has a resolving power which

1s higher than those of

a conventional optical tomographic observation device and
a confocal microscope by a simple configuration by apply-
ing a homodyne phase diversity detection technology and
designing so as to satisty the following formula when A 1s a
wavelength of a laser light source, AA 1s a wavelength half
width at half maximum, NA 1s a numerical aperture of an

objective optical element, S 1s an et

ective area of a photo-

detector, and M 1s a detection magnification of a detection
surface relative to a condensing surface.

1 ki, A
—_—

NA® — 0.886 AA

h <0901 [ —
(NA\/l—NAZ)_ v

0441 < k; <0.750

12 Claims, 22 Drawing Sheets
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OPTICAL COHERENCE TOMOGRAPHY
WITH HOMODYNE-PHASE DIVERSITY
DETECTION

TECHNICAL FIELD

The present mvention concerns an optical tomographic
observation method and an optical tomographic observation
device, and relates to an optical observation technology
which can visualize a distribution of an inspection substance
object 1n an optical tomographic direction.

BACKGROUND ART

Recently, Optical Coherence Tomography (OCT) which
forms 1mages indicating a surface form and an 1nternal form
of an object to he measured by using light beams from a laser
light source and so forth attracts attention. Since the OCT
does not have such mvasiveness to the human body that an
X-ray CT has, development of application thereof, 1n par-
ticular, in the medical field and the biological field 1s
expected. For example, imn the field of ophthalmology, a
device for forming 1images of the eyeground, the cornea and
so fTorth enters 1nto the stage of practical application. In the
OCT, a signal 1s obtained by bifurcating light from a light
source 1nto signal light with which a measurement object 1s
to be 1rradiated and reference light which 1s reflected by a
reference light mirror without irradiating the measurement
object with 1t, multiplexing the signal light which 1s light
reflected from the measurement object and the reference
light, and making them mutually interfere.

The OCT 1s roughly divided into a Time-domain OCT and
a Fourier-domain OC'T depending on a method of scanning
a measurement position 1n 1ts optical axis direction (here-
inafter, referred to as a z-scan). FIG. 1 1s a schematic
diagram of an optical system of the Time-domain OCT. In
this system, the z scan of a measurement object 104 1s
performed by using a low coherence light source as a light
source 101 and scanning a reference light mirror 102 as
shown by an arrow 103 at measurement. Thereby, only a
component which 1s included in signal light 105 and
matches reference light 106 1n optical path length interferes
with 1t and a detection signal as shown in FIG. 2 1s obtained
from a detector 107. A desired signal as shown 1n FIG. 3 1s
demodulated by performing envelope detection on the signal
shown 1n FIG. 2.

On the other hand, the Fourier-domain OCT 1s further
divided mto a Swept-source OCT and a spectral-domain
OCT. In the Swept-source OCT, the z can 1s performed by
using a wavelength sweeping type light source which can
sweep the wavelength of light to be emitted as the light
source and sweeping the wavelength of the light source at
measurement, and the desired signal 1s obtained by Fourier-
converting wavelength dependency (an interference spec-
trum) of the intensity of detected interference light. In the
spectral-domain OCT, to diflract generated interference light
by a spectroscope and to detect the intensity of the interter-
ence light (the interference spectrum) of each wavelength
component by using a wide bandwidth light source as the
light source corresponds to performing the z scan. The
desired signal 1s demodulated by Fourier-converting the
obtained interference spectrum.

In the conventional OCT devices as mentioned above, a
spatial resolving power 1n a depth direction 1s determined by
a spectral width of the light source, and heightening of the
resolving power has been promoted by widening the spectral

width.
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In addition, there 1s a need for speeding-up aiming at
biometry, and measurement 1n a z-axis direction 1s sped up
by realizing mirror drive-less in the abovementioned Fou-
rier-domain OCT (Patent Literature 1). In addition, 1n speed-
ing-up 1 X y axis directions, there 1s a plane bulk acquiring
technology using a surface light source which 1s called a
“full-fielding” technology, and a Polarization Sensitive OCT
device which utilizes the tull-fielding technology 1s also
proposed (Patent Literature 2).

In addition, as an optical tomographic observation device
which 1s already used in the field of bio-imaging, a confocal
laser microscope 1s known. The confocal laser microscope 1s
a kind of the microscope which can reconstruct an 1image of
high resolution and three-dimensional information, and has
a characteristic that a distortion-iree image can be obtained
even from a thick sample having such a complicated struc-
ture that a plurality of retlection surfaces are present. A
plurality of pieces of data on observation images which have
been picked up at every minute point are reconfigured by a
computer and thereby a three-dimensional whole 1image 1s
acquired.

As the theoretical and greatest characteristic of the con-
focal microscope, a confocal optical system can be given. In
the confocal optical system, a point light source 1s projected
onto a sample and, further, a pin hole and a detector (mostly,
a photomultiplier tube) are arranged at a re-imaging position
of the sample which is called a detection surface. Here, since
all of the point light source, the sample, and the pin hole (an
imaging surface position) are at conjugated positions, 1t 1s
called the confocal optical system. By taking such a con-
figuration, when a sample observation image which 1s at a
certain lens position, that 1s, 1n a certain focal length state 1s
to be acquired, since light retlected from different depths of
focus 1s cut (light-shielded) by the pin hole arranged on the
confocal optical system, the distortion-free 1mage can be
acquired. On the other hand, since in a general optical
microscope, also the light reflected from the different depths
of focus 1s mcident upon the detector together therewith, a
distorted 1mage 1s made. Optical tomographic observation
becomes possible by acquiring the image at each focal
length by using the confocal optical system and reconstruct-
ing a result of observation at the plurality of focal lengths on
a computer (Non-Patent Literature 1).

CITATION LIST
Patent Literature

Patent Literature 1: JP H11(1999)-325849 A

Patent Literature 2: JP 2004-028970 A

Non-Patent Literature

Non-Patent Literature 1: A technical monthly publication,

O plus E, Vol. 31 (2009), pp. 636-639

SUMMARY OF INVENTION

Technical Problem

There are problems as follows in the abovementioned
conventional OCT devices. In any of the OCT devices,
coherence of the light source 1s dominant over a vertical
resolving power in optical tomographic observation, a
broadband light source becomes necessary in order to realize
a high vertical resolving power, and 1t induces enlargement
of the light source and higher price of the light source.
Further, due to use of the broadband light source, when an
objective lens and so forth have been used 1n order to obtain
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a high plane resolving power, problems of chromatic aber-
ration and so forth are induced and therefore 1t 1s difficult to

form a minute spot. Further, in the Fourier-domain OCT
aiming at speeding-up, not only the light source but also a
high-speed signal source for performing the z scan or the
spectroscope for receiving light from the broadband light
source are needed. Since all of them are costly and large-
s1zed, there 1s a problem that the OCT device itself becomes
costly and large-sized.

In addition, 1n the full-field OCT microscope 1n Patent
Literature 2 aiming at speeding-up, a reference mirror 1s
scanned four times 1n wavelength order of light 1n order to
acquire 1information 1n the depth direction and then signal
analysis (fitting for structural estimation) 1s needed for every
pixel on each CCD detector. Therefore, 1t was diflicult to
realize dramatic speeding-up when a time for data process-
ing was included. Moreover, optical coherence of the light
source 1s dominant over the vertical resolving power of the
device similarly to the conventional OCT devices, having
the same problem.

On the other hand, 1n the confocal microscope, there are
such problems that 1n order to construct the confocal optical
system including the pin hole, not only high alignment
accuracy of respective components 1s required but also the
entire device becomes large-sized. In particular, an effective
detection area which 1s a region not light-shielded by the pin
hole 1s dominant over the vertical resolving power of the
confocal microscope. Since, 1n order to improve the vertical
resolving power, 1t 1s important to make the effective detec-
tion area small, that 1s, to make the size of the pin hole small,
not only the abovementioned problem becomes more difli-
cult at that time but also a detected light amount itself
becomes small. Accordingly, 1t 1s necessary to increase a
measurement time, that 1s, a cumulative time of detected
light 1n order to obtain the suflicient detected light amount.

Although, in the foregoing, the problems have been
described by focusing on speeding-up, there also exists a
low resolution observation method which makes high-speed
measurement possible by reducing measurement points as a
countermeasure thereto in these devices. However, in any
event, 1t 1s obvious that 1t 1s diflicult for the prior art to
simultaneously satisiy speeding-up and heightening of reso-
lution.

The present mvention has the following first object and
second object 1n view of such circumstances. The first object
of the present mnvention 1s to provide an optical tomographic
observation device having a high resolving power 1n x, vy, Z
directions, that 1s, in three dimensions and a simple con-
figuration. The second object of the present invention 1s to
provide a full-field type optical tomographic observation
device having a high vertical resolving power.

Solution to Problem

The mventors of the present invention have found out that
the homodyne phase diversity detection technology (Japa-
nese Patent No. 4564948) utilizing an interference phenom-
enon of light 1s a useful technology also 1n optical tomo-
graphic observation.

Further, the inventors of the present invention have found
that the optical tomographic observation using this homo-
dyne-phase diversity detection (in the present specification,
heremnatter, referred to as HOCT) has superiority to the
optical-axis direction, that 1s, the vertical resolving power 1n
three-dimensional high-magnification observation by satis-
tying predetermined conditions, even in comparison with
not only the conventional OCT but also the confocal micro-

10

15

20

25

30

35

40

45

50

55

60

65

4

scope through which three-dimensional observation of an
observation substance 1s possible similarly.

Further, since they have found out a configuration that the
high vertical resolving power can be realized by contrivance
on a photodetector also 1n regard to the HOCT (a full-field
HOCT) by surface detection which aims at speeding-up of
three-dimensional observation, description will be made
continuously.

In the following, the HOCT of the present invention, the
conventional OCT and the confocal microscope will be
studied 1n simple models shown in FIG. 4 to FIG. 6.

FIG. 4 1s a schematic diagram showing a configuration of
the conventional OCT device. A light beam emitted from a
low coherence light source 4101 1s made into collimated
light by a collimate lens 4102 and 1s split into signal light
and reference light by a beam splitter (BS). The configura-
tion 1s made such that the signal light 1s made to irradiate the
sample therewith and the other reference light 1s reflected by
a mirror 4103 placed 1n another optical path and they are
finally subjected to light interference on a photodetector
4104.

FIG. 5 1s a schematic diagram showing a configurational
example of the HOCT device of the present invention. The
light beam emitted from a light source 4201 1s made into the
collimated light by a collimate lens 4202 and 1s split 1nto the
signal light and the reference light by the beam splitter. The
signal light 1s converged by an objective lens 4203 so as to
irradiate the sample therewith and the reference light is
made 1ncident upon a mirror 4203 placed in another optical
path. The configuration that the signal light and the reference
light are finally subjected to light interference by a detection
unit 4204 1s the same as that of the conventional OCT.
However, 1t 1s greatly different 1in the points that even when
the light 4201 used 1s a high coherence light source, there 1s
no problem, and that the detection unit 4204 1s configured by
a polarization interference optical system and the photode-
tector which are called homodyne-phase diversity detection.
Incidentally, a polarization beam splitter (PBS) 1s placed on
an optical path branch and a 4 wavelength plate (QWP) 1s
partially placed in order to make i1t match the polarization
interference optical system of the detection unmit and there
exist optical systems using the similar components also 1n
the conventional OCT devices.

FIG. 6 1s a schematic diagram showing a configuration of
a general confocal microscope device. The light beam
emitted from a light source 4301 1s made 1nto the collimated
light by a collimate lens 4302 and 1s converged onto the
sample by an objective lens 4305. Light fed back from the
sample 1s detected by a photodetector 4304 through an
objective lens 4305 and a detection lens 4306. Although,
here, an optical system (an infinite system) using the colli-
mated light has been shown for easy comparison, 1t 1s also
possible to configure the same confocal optical system 1n an
optical system (a finite system) which has used convergent-
divergent light. One big diflerence from the configuration 1n
FIG. § 1s that a light shield which 1s called a pin hole 4307
1s arranged on a detection surface of the photodetector 4304
and retlected, scattered light other than that from a focal
surface ol an observation sample 1s made so as not to enter
the photodetector 4304 by the pin hole 4304.

A result that the vertical resolving powers 1n the respec-
tive systems have been estimated by using the three models
will be shown 1n the following. A case where the signal light
1s condensed onto the measurement object by an objective
optical element (a condensing lens) and the measurement
object has a flat retlection surface 1n the vicinity of a focal
point 1s considered. Incidentally, an actual observation sub-
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stance may be thought as an aggregate having the plurality
of reflection surfaces 1n a direction of a depth of focus. Here,
it 1s supposed that z 1s a position (displaced from a focal
position) 1n the optical axis direction of the objective optical
element, 1n consideration of the influence from one reflec-
tion surface.
(A) Vertical Resolving Power in HOCT

A signal 1,,., obtained by the HOCT 1s as in the
following formula (A-1).

I = f |ES||Evlcos(¢s — ) dr [A-1]
D

0 = fD EL|IE Isin(d, — 6,)dr

Here, r=(X, y) 1s a coordinate vector of a light beam section,
D denotes a detection region and [,,dr means an integration
operation of the whole area 1n the light beam. In addition,
subscripts s and r denote the signal light (signal) and the
reference light (reference). ¢, 1s a signal light wave surface
and ¢, denotes a reference light wave surface. Since the
reference light 1s simply reflected by the mirror, the wave
surface can be regarded to be 1n an i1deal state (aberration-
free) and 1s set as ¢ =0. In addition, for simplicity, 1t 1s
supposed that distributions of intensity (magnetic field
amplitude) of the signal light and the reference light 1n the
light beam are flat. At this time, the formula (A-1) 1s
simplified to the following formula (A-2).

I = |EE, f cos(dy)dr [A-2]
I

0 = |E,||E) f sin(,) dr
D

When the reflection surface of the measurement object 1s
displaced from the focal position of the objective lens, the
signal light wave surface ¢_ has a defocus aberration. Since
the signal light wave surface ¢ 1s reciprocally influenced by
defocus, 1gnoring higher-order components over the tertiary
one which are small 1n absolute value, 1t can be described by

the following formula (A-3).

bs = Woo + Waor?[A] [A-3]

4
Wo =2 <
00 1

9. 2 a2 = faa2
Wio = 2- 5o NA® = TNA

Here, when simplifying the integral terms of cos and sin

in the formula (A-2), the following formulae (A-4) and
(A-5) are obtained by using sinc(x)=sin(x)/x.

fcas(%)cfr :f d@f pcos2n(Wog + ngpz)cf,@
D 0 0

. Wao
= sinc{mnWsg) - CGSQJT(WDD + T)

. o L [A-5]
fsm(qﬁs)cfr = f d@f psin2a( Wy + Waop*) dp
D 0 0

. . Wag
= wsinc{mWyg ) - s1n2:fr(ng + T)
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The signal 1,,,-o0btained by the HOC'T can be expressed
by the formula (A-6) by using the above formulae (A-2),
(A-4) and (A-5) and the formula (I,,,,=V(*+Q7)) showing
the phase diversity detection.

) o | {frsinc(;rwm) . SiHQJT(WDD N % )}2 ) . (A6]
! = |E5|*| 4]
HOCT | {;.Tgin-i?(?er)-msQ;r(wﬂD N @)}2 |

. g
= H2|E5|2|EF|28111€(H- ENAZ)

Here, when the vertical resolving power 1s defined by Full
Width at Half Maximum (FWHM), the FWHM the vertical

direction 1n the HOCT can be expressed by the following
formula (A-7).

| 3
sincz(:«'r- ;NAZ) < > [A-7]

A
- FWHM = 0.886 —
NAZ

That 1s, 1t 1s found that the vertical resoling power 1n the
HOCTT has a relation with 1t stmilar to that of the signal light
with an extent ol amplification degree (a matching degree of
the wave surfaces) by the reference light, in other words, the
depth of focus. Accordingly, since the more NA of the
objective optical element, that 1s, the magnification of the
lens 1s 1ncreased, the more the HOCT can improve not only
a plane resolving power of a substance surface but also the
vertical resolving power thereol simultaneously therewith,
the technology 1s favorable for high resolving power three-
dimensional observation of the observation substance.

(B) Vertical Resolving Power of Conventional OCT

It 1s supposed that a low interference light spectrum

including the SLD (super luminescent diode) takes a Gauss-

1an-type power spectral density shown in the following
formula (B-1).

2V /x [B-1]

Ay P [_41”2(V — )2]

) Ay

Here, v 1s a frequency of light (v=c/\), v, and Av are a
central frequency and a spectral width of incident light. ¢ 1s
a light speed and A denotes a wavelength of the light.
Considering interference of light expressed by the formula
(B-1), mtensity I, of light received by the OCT detection
unit 1s expressed by the following formula (B-2).

L=<|E;2>=0.5(I +I'+Re{<E,*(t+v)E"(1)>} [B-2]

Here, 1. and I. are intensities of reflected light from a
reference light path and a measurement light path respec-
tively, E, and E_ are complex amplitudes of the retlected
light therefrom respectively. A dash (') indicates that 1t has
undergone a change by a measurement sample. = and =
denote time averages. The interference light component
<E *(t+T)E_'(t)= 1s defined as a mutual coherence function
and has a form that an mmner product of mutual complex
numbers has been expressed in time average.

A mirror (reflectance=1) which 1s ideal as the measure-
ment sample 1s supposed and an interference light compo-
nent |G(v)| when streaks of light from the light source of the
Gauss spectrum expressed by the formula {B-1} have been
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made to interfere with each other 1s obtained. The interfer-
ence light component IG(v)| can be obtained by extending
the calculation of interference by the previous single wave-
length light source. That 1s, 1t 1s expressed by the following
formula (B-3) as the one that streaks of light which are
different from one another 1n spectrum and intensity have
been superposed countlessly.

G(t)=l,"S(V)exp(=j2mvt)dy [B-3]

In the following, a solution 1s found by substituting the
formula (B-1) for formula (B-3).

V=1V [B'Bf]

Ay

2VIn2/n 2 |
G(T) = j:j s ) ]exp(—jZJwT)cfv

Here, the formula (B-3') i1s simplified by utilizing a
relation between the following formulae (B-4-1) and (B-4-
2).

exp[—ﬂrhﬁ(

[B -4 -1]
2VIn2 /7 v ove) = f o 2V In2/x dv = df
Av Ay
Av B —4-2]
I = T
2VIn2 /7

The formula (B-3") 1s finally simplified to the following
formula (B-5).

o mAvt V] \
S Jesot-me

T 15 a time difference when the streaks of light interfere
with each other and T=(L -L_)/c. If 1t 1s expressed as
L=L -VT (V 1s a reference mirror moving speed, T 1s a
time) using L. and L, as standards, 1t will turn into the

difference which depends on the speed as expressed by the
following formula (B-6).

G(T) = exp

=71 B-6]

The formula (B-3) indicates that the light source having a
Gaussian type spectral distribution has a spindle-shaped
interference wavetform (an iterferogram) and the intensity
thereol undergoes exponential attenuation depending on the
speed. The Gaussian type power spectral distribution also
applies to an LED, a laser and so forth regardless of the low
coherence light source. That 1s, the intensity of the interfer-
ence light will attenuate depending on the speed unless 1t 1s
the 1deal single wavelength light source.

The mterferogram shows the coherence of the light source
and 1ts interference distance (a coherence distance) depends
on the spectral width of the light source. The spectral width
of the light source can be interpreted as an amount which
directly depends on a time At that the light emitted from the
ideal single wavelength light source maintains 1ts constant

frequency and 1t satisfies a relation in the following formula
(B-7).

Ar-At~1 [B-7]
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This coherence distance 1s expressed as a coherence
length I .. Visibility of the interference light 1s expressed as
in the following formula (B-8) 1n the OCT.

Imm: - Imin [B—S]

Visibility=

max T Imin

Here, the coherence length I. has been defined by an
optical path difference AL (=L, -L_) when the visibility of
the interference light amounts to V4. That is, it exhibits the
optical path diflerence when |G(t)|=V2 1n the formula (B-5)
which has expressed the item of the interference light. At
this time, the coherence length relative to light source
wavelengths (a central wavelength A, and a wavelength half
width at half maximum AA) can be expressed by the fol-
lowing formula (B-9) by using a relation of (v=c/A).

2c-1n2

TAV

- 20223
 mAA

[B-9]

i,'_',':

Since the relation between the vertical resolving power
and the coherence length substantially matches it, FWHM
can be expressed by the following formula.

A [B-10]
FWHM =~ =0.44]1—
AX

That 1s, 1t 1s found that 1n the conventional OCT, the high
vertical resolving power can be realized by using the light
source which 1s large in wavelength half value at half
maximum AA. Incidentally, the visibility of the interference
light which can be detected 1s made different dependmg on
signal processing of the detection signal. Although, 1n the
above formula (B-10), the visibility is supposed to be V4,
it is desirable that the visibility be in a range of V1/e*-V14
when the existing product 1s assumed. At this time, if k; 1s
a constant corresponding to the constant 0.441 on the right
side of the formula (B-10), the constant k, will be
0.441<k,=0.750. A relation between the wavelength half
width at half maximum of the light source and the vertical
resolving power 1n the abovementioned range of k, 1s shown
in FIG. 7. It 1s found also from FIG. 7 that the relation
between the wavelength half width at half maximum and the
resolving power ol the conventional OCT well matches the
above formula (B-10).

(C) Vertical Resolving Power of Confocal Microscope

A signal I .., obtained by the confocal microscope can be
expressed by the following formula (C-1) as integral calcu-
lus of the intensity of light which 1s incident upon the
detector because direct intensity detect on 1s made.

Ieon=IplE \*dr

When a spot radius r, ., on the substance surface (=the
sample condensing surface) 1s considered geometrically, 1t 1s

made 1nto the following formula (C-2).

[C-1]

=2z tan(sin"'NA4) [C-2]

Vs Lobj

Further, supposing that M 1s a magnification of a return-
ing-way optical system ratio 1n focal length of the objective
optical element [the objective lens] to the detection system
objective optical element [the detection system condensing
lens]), a spot diameter r,_,,, will reach the M-told size on the
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imaging surface, that 1s, on the photodetector as in the
following formula (C-3), from the relation between the
substance surface and the imaging surface.

Vo ger— M2z tan(sin~'NA) [C-3]

Here, for simplicity, supposing that the intensity distribu-
tion of light on the photodetector 1s constant, the signal I,
which 1s incident upon and detected by the photodetector of
an “eflective area S” on the imaging surface, that 1s, the
photodetector will be as in the following formula (C-4).
Here, the “effective area S” 1s an area obtained after the
influence of the light-shield element and so forth such as the
pin hole arranged on the surface of the photodetector as used
in the general confocal microscope has been included. That

1s, the smaller the size of the photodetector 1s made, the
smaller S becomes. On the other hand, S becomes small also

when the small pin hole 1s arranged on the photodetector
without changing the size of the photodetector.

1 S 1
Amtan2(sin ' NA) M? z*

|-Es|2 — |Ev5|2 [C_4]

lcon(2) =
H(M ) Fs,dff)z

As apparent from the formula (C-4), the signal intensity
in the confocal microscope 1s determined depending on
whether or not the light of the detected amount enters the
photodetector. The FWHM 1n the confocal microscope can
be expressed by the following formula (C-3).

1 S 1 {1
Amtan?(sin ' NA) M+ 2%

¢1—NA2
- FWHM = 0.798

It 1s found that in the confocal microscope, the resolving
power depends on the effective area S/M* and NA of the
photodetector which has been standardized with the lateral
magnification (the smaller the effective area S of the pho-
todetector 1s and the larger NA 1s, the more the resolving
power 1s 1ncreased) and does not depend on the wavelength

A

(D) Conditions that Heightening of Resolving Power by
HOCT 1s Realized

From the foregoing study, it 1s found that the HOCT can
obtain the high vertical resolving power in a case of satis-

tying the following formulae (D-1) and (D-2).

A A? |
0&mﬁr—{044u—- [D-1]

¢1—NA2
0886————{:0798

The constant 0.441 used 1n the formula (D-1) 1s given by
the optical path difference when the visibility of the inter-
ference light amounts to VY as used in the formula (B-9) and
the constant varies depending on up to which % a threshold

value of the visibility 1s allowed. Therefore, when describing,
again them by using the constant k, (0.441<k,<0.750), the
tollowing formulae (ID-3) and (D-4) can be derived.
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1 3 ki A [D-3]
NAZ = (.886 AA
0441 < k; <0.750

b <0901, —
(NAVI-NA?) M*

That 1s, the above formula (D-3) indicates that the vertical
resolving power which 1s better than the effect of “A/AN”
indicating the coherence of the light source obtained by the
conventional OCT can be obtamned by heighteming the
numerical aperture NA (the magmfication of the objective
lens) of the objective optical element of the HOCT.

In addition, the above formula (D-4) indicates that the
vertical resolving power which 1s more excellent than the
effect of the effective detector size ‘“VS/M*” which has been
standardized with the lateral magnification obtained 1n the
confocal microscope can be obtained by selecting a rising
extent (A/(NAV1-NA?)) of the wave surface. These condi-
tions will be described 1n detail 1n the following specific
configurations of the present invention.

Incidentally, 1f ranges indicated by the following formula
(D-5) are selected by way of example, the above formulae

(D-3) and (D-4) can be satisfied.

400=A=850 (nm)

O=<Ah=25 (nm)
0.25=NA=<0.9
4=S=100 (nm?)
2=M<=10

(however, 2<V(S/M)=<10 (um)).

(E) Configuration of Full-Fielded HOCT

The tull-field OCT 1s known as the OCT which can realize
high-speed measurement. in the conventional OCT, when
performing plane 1mage acquisition, the laser light has been
scanned over the sample surface, while, in the full-field
OCT, the reference light 1s used similarly to the OCT and
then the entire surface of the visual field of the observation
surface on which the sample has been placed 1s projected
again onto an area detector by using illumination light as the
signal light similarly to the general optical microscope, and
in-plane signals are acquired in bulk by making the signal
light interfere with the reference light on the area detector.
The time required for acquiring the plane images by the
general OCT was the time for scanning the laser used 1n
measurement, that 1s, the time which 1s proportional to the
resolution of the acquired image. On the other hand, in the
tull-field OCT, the resolution of the acquired 1mage can be
determined only by the area detector used, by preparing an
appropriate optical system and a reduction 1n measurement
time, that 1s, speeding-up of the OCT device becomes
possible even when, 1n particular, a high-resolution detector
has been used.

As for these full-field OCTs, there i1s a research paper
(Optics Letters, Vol. 23, Issue 4 (1998), pp. 244-246) that
bulk acquisition of Xy plane images 1n the visual field of 500
um has been performed by using a CCD camera as the
detector and acquiring the OCT signal while applying the
surface light source to the observation sample. In addition,
there 1s also a research paper (Optics Letters, Vol. 28, No. 10

(2003), pp. 816-818) that bulk acquisition of the xy plane

[D-3]
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OCT mmages that the time required for tomographic 1mage
acquisition has been speeded up has been performed by
using two cameras. At this time, the big difference from the
conventional OCT device as the constituting component 1s
the size of the detector.

Also 1n a case where the full-tielded HOCT 1s to be

realized, the conditions required for obtaining the high
vertical resolving power by the HOCT are the same as those
in the above formulae (D-3) and (D-4). However, as the
detector, not one photodetector (PD) but a photodetector 1n
which a plurality of detection circuits have been two-
dimensionally arranged 1s needed for plane bulk acquisition.
As typical photodetectors, image pick-up elements such as
a CCD (a charge-coupled device) image sensor, a CMOS
(complementary type metal oxide film semiconductor field
ellect transistor) image sensor and so forth are well known.
The size of one detection circuit which configures these
photodetectors 1s several tm to several ten um and 1s greatly
reduced in comparison with several hundred pan of the
general PD (photodiode).

Although it 1s possible to detect the interference signals of
different phases by using the plurality of PDs 1n the HOCT,
a method of realizing the full-field HOCT by using the
plurality of CCDs or CMOSs and so forth not only has
dificulty in adjusting the positions of the plurality of pho-
todetectors but also there exist many problems therein
including synchronization of signals from the plurality of
photodetectors when acquiring the signals. Accordingly, the
inventors of the present invention have paid attention to the
point that the size of the detection circuit 1n the photode-
tector becomes small and have found out a configuration of
realizing phase diversity detection by one photodetector 1n a
state where the high resolving power 1s maintained.

An element for allowing only light which 1s different in
phase to pass through, that 1s, a polarizer 1s arranged for each
of the detection circuits 1n the immediate vicinity to the
detection circuits which configure the photodetector. The
polarizers so arranged are oriented in different azimuths for
every adjacent detection circuits (pixels), and a region
segmentation polarizer which can acquire signals required
tor the phase diversity detection from 2x2 pixels 1s provided
on the photodetector. In this system, the resolution 1is
reduced to a half (a half vertically and horizontally) in
appearance. However, if the size of the 2x2 pixels 1s small
in comparison with that of the light spot after the lateral
magnification has been incorporated, the obtained image
will not be greatly degraded in comparison with a high-
magnification 1mage.

The abovementioned conditions are expressed by the
following formula (E-1).

A _
2><0.61me£2><\/§ [B-1]

The left side of the above formula (E-1) 1s the one that the
spot size calculated from the Rayleigh criterion has been
multiplied by the lateral magnification, and the right side 1s
the detector size corresponding to the 2x2 pixels.

If a relational formula 1s simplified by erasing the stan-
dardized lateral magnification (V(S/M?)) with attention paid
to the above formula (E-1) and the formula (D-4), the
condition for NA which 1s favorable when realizing the full

field HOCT can be obtained.

NA“<0.33 [E-2]
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The lower limit of NA 1s defined also 1n the formula (D-1),
NA which 1s at least 0.3 1s desirable when thinking 1t 1n
terms of a wavelength range from a visible range to a near

inirared range, and therefore the following formula (E-3) 1s
obtained. Details of the lower limit of NA will be described

in detail 1n the embodiments.

0.250=NA=0.574 [E-3]

The full field HOCT of the configuration which satisfies
the formula (E-3) 1n addition to the above formulae (D-3)
and (D-4) can realize the vertical resolving power which 1s
high even 1n comparison with that of the confocal micro-
scope.

(F) Specific Configurations of the Invention

In the present invention, the following means have been
used 1n order to attain the abovementioned first object.

A light beam emitted from a light source 1s split into first
and second light beams, the first light beam 1s condensed on
a sample by an objective optical element and wrradiates 1t
therewith, the signal light reflected from the sample 1s
guided to a plurality of detectors, the second light beam 1s
guided to the plurality of detectors as the reference light
without irradiating the sample therewith, and the signal light
and the reference light are made to optically interfere with
cach other 1n a state where optical phase relations of the both
are mutually different on the plurality of detectors. There-
after, an arithmetic operation of making outputs from the
plurality of detectors into inputs 1s performed and a result of
the anthmetic operation 1s acquired as a detection signal
which has reflected an 1n-sample structure at a condensing
point of the first light beam. Further, the detection signals are
acquired while changing the position where the first light
beam 1s to be condensed onto the sample and thereby
tomographic observation of the sample becomes possible. In
such an optical tomographic observation device, when A 1s
the wavelength of a light source unit, AA 1s the wavelength
half width at half maximum, NA 1s the numerical aperture of
the objective optical element, S 1s the eflective area of the
detector, and M 1s the detection magnification of a detection
surface relative to a condensing surface, there can be pro-
vided the optical tomographic observation device which has
the high vertical resolving power by satistying e relational
formula of the formulae (D-3) and (D-4).

Further, as a specific configuration, each configurational
parameter was set to satisty the formula (D-5). The HOCT
which satisfies this condition has the vertical resolving
power which 1s high even in comparison with those of the
conventional OCT and the confocal microscope.

Further, the detection signal which does not depend on the
interference state can be obtained by performing adjustment
of the arithmetic operation even in a situation that the optical
system 15 mmcomplete or unstable. Specifically, 1n a case
where the detectors which acquire the interference signals
are four, the phase relation between the reference light and
the signal light 1s set such that they are mutually different by
180 degrees on the first detector and on the second detector,
are mutually different by 180 degrees on the third detector
and on the fourth detector, and are mutually different by 90
degrees on the first detector and on the third detector.
Thereby, four phase states that are mutually shifted by every
90 degrees 1n the phase relation of 360 degrees can be
detected simultaneously. Since the detection signal 1s
changed to a sinusoidal-shape one in accordance with a
change of 360 degrees in phase state of light, it becomes
possible to reproduce a signal state 1n an optional phase state
by the arithmetic operation, by observing four signals which
are mutually shifted in phase state by every 90 degrees. That
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1s, stable detection in the optional phase state can be
realized. As the aforementioned arithmetic operation, the
sum of squares ol a differential signal between the first
detector and the second detector and a differential signal
between the third detector and the fourth detector was given.
At this time, even 1n a case where the optical system and so
torth for acquiring the four interference signals shift from an
ideal state, a constant output signal which does not depend
on an interference phase can be obtained by the abovemen-
tioned arithmetic operation which 1s called phase diversity
detection.

Further, as the light source, a point light source such as a
gas laser, a solid-state laser, a semiconductor laser and an
SLD that the wavelength half width at half maximum
thereot 1s O=AA=<25 (um) can be used. Unlike the conven-
tional OCT, since not only the semiconductor laser which 1s
a high coherent light source, that 1s, a single wavelength
light source can be used, but also a wavelength sweeping
device or the spectroscope which becomes necessary in the
Fourier domain OCT becomes unnecessary, 1t became pos-
sible to provide the inexpensive and minmiaturized optical
tomographic observation device.

In order to attain the second object, by way of example,
the optical tomographic observation device 1s configured to
have a light source unit, an optical head unit, a photo-
detection unit, a control unit and a signal processing unit and
the following means can be used. The light source unit emits
a laser light beam. The optical head unit has a first optical
clement which branches the light beam from the light source
unit 1nto the first light beam and the second light beam, an
objective optical element which condenses the first light
beam onto the sample and receives reflected light, and a
reference light beam retlection means provided 1n an optical
path of the second light beam. The photo-detection unit has
a photodetector including an aggregate of a plurality of
detection elements, and an 1nterference-light detection opti-
cal system for making the signal light and the reference light
interfere with each other on the photodetector surface, 1n a
relation that they are mutually different in phases for the
plurality of detection elements. In such an optical tomo-
graphic observation device, when A 1s the wavelength of the
light source unit, A\ 1s the wavelength half width at half
maximum, NA 1s the numerical aperture of the objective
optical element, S 1s the effective area of the detector and M
1s the detection magnification of a detection surface relative
to a condensing surface, the optical tomographic observation
device can be provided which can acquire plane 1mages 1n
bulk and has the high vertical resolving power by satisiying,
the relational formula of the formulae (D-3), (D-4) and
(E-3).

Further, the photodetector 1s provided with a photo-
detection unit 1n which at least four circuits which can detect
a light amount by photo-electric conversion have been
two-dimensionally arranged and a phase modulation plate
on or in front of the photo-detection unit, and the at least four
two-dimensional circuits which can detect the light amount
by photo-electric conversion are combined together for
every adjacent 2x2 circuits. This phase modulation plate has
a function of modulating the phase of incident light such that
a pair of streaks of interference light that the interference
phases of the signal light and the reference light are mutually
different by an integer multiple of almost 90 degrees as well
as the interterence phases of the signal light and the refer-
ence light are mutually different by almost 180 degrees for
cach circuit of the 2x2 circuits 1s incident upon every
adjacent 2x2 detection circuits. If (MxN) 1s circuits which
configure the photo-detection unit and D, , 1s a signal
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acquired by each circuit, the photodetector can realize the
detection system required for phase diversity detection by
one detection unit by satisfying the formula (9) to be
described later. This makes complicated adjustment of the
plurality of detectors unnecessary and makes realization of
miniaturization of the device possible simultaneously. Fur-
ther, since 1n that detector, four pieces of phase information
can be obtained simultaneously, speeding-up of the phase
diversity arithmetic operation becomes possible by difler-
entially detecting the pair of streaks of interference light that
the phases are mutually different by every almost 180
degrees as 1n equation (10) to be described later for every

pair of the 2x2 circuits.

The control unit controls the positions of the optical head
and the objective lens, and a light emitting state of the
semiconductor laser. The signal processing unit performs
phase diversity signal processing and displays a result of a
tomographic distribution of a test object on a display unat.
Thereby, since the reference light and the signal light which
has struck the sample and has been reflected therefrom can
be detected by the two-dimensional photodetectors by syn-
thesizing and amplifying them by the interference eflect,
minute reflected signals can be detected in bulk 1n a high
S/N. That 1s, high-speed optical tomographic observation of
the HOCT becomes possible.

The light source umit which 1s favorable for the optical
tomographic observation device of the present invention can
use not only the point light source such as the gas laser, the
solid-state laser, the semiconductor laser and the SLD of
which the wavelength half width at half maximum thereof 1s
0=AA=25 (nm) but also a surface light source such as a light
emitting diode, a surface emission semiconductor laser, an
clectroluminescence element of which the wavelength half
width at half maximum thereof 1s O=AA<25 (nm).

Since, 1n the {full-field HOCT, surface illumination
becomes necessary at the condensing point, 1t 1s dealt with
by using a light source enlargement unit 1n each of the point
light source and the surface light source. For the point light
source, the light source enlargement unit which has been
configured by an optical waveguide and a collimate lens can
be used. Owing to this configuration, a light spot on an
optical waveguide outgoing end surface can be enlargedly
projected onto the condensing surface of the observation
sample 1n accordance with the lateral magnifications of the
collimate lens and the objective lens. On the other hand, for
the surface light source, the light spot on a light source
outgoing end surface can be enlargedly projected onto the
condensing surface of the observation sample 1n the vicinity
of the condensing point by a beam expander which 1is
configured by a plurality of lenses. By either method, 1t
becomes possible to 1rradiate the observation object with the
signal light which 1s uniform in intensity distribution.

Advantageous Eflect of the Invention

According to the present invention, the interference type
optical tomographic observation device which can realize
the high vertical resolving power by a technique which 1s
different from those of the OC'T and the confocal microscope
can be provided. Further, the interference type optical tomo-
graphic observation device by a plane bulk acquisition
system which can realize the high vertical resolving power
can be provided.

Subject matters, configurations and advantages eifects
other than the abovementioned ones will be apparent from
the following description of the embodiments.
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BRIEF DESCRIPTION OF DRAWINGS

FI1G. 1 1s a schematic diagram showing a configuration of
a conventional OCT device.

FIG. 2 1s a schematic diagram of an interference signal
detected by the conventional OCT device.

FIG. 3 1s a diagram showing a demodulation signal 1n the
conventional OCT device.

FI1G. 4 1s a schematic diagram showing a configuration of
the conventional OCT device.

FIG. 5 1s a schematic diagram showing a configurational
example of a HOCT device of the present invention.

FIG. 6 1s a schematic diagram showing a confocal micro-
scope device.

FIG. 7 1s a diagram showing a relation between a wave-
length half width at half maximum and a vertical resolving
power 1n the conventional OCT.

FIG. 8 1s a block diagram of a HOCT device of first and

second embodiments.
FIG. 9 are vertical resolving power comparison diagrams
of the HOCT of the first embodiment and the conventional

OCT.

FIG. 10 1s a diagram showing a detection signal for a
reference sample measured by the HOCT of the first
embodiment.

FI1G. 11 1s a vertical resolving power comparison diagram
of the HOCT of the first embodiment and the confocal
microscope.

FIG. 12 are vertical resolving power comparison dia-
grams of the HOCT of the second embodiment and the
conventional OCT.

FIG. 13 1s a diagram showing the detection signal for the
reference sample measured by the HOCT of the second
embodiment.

FI1G. 14 15 a vertical resolving power comparison diagram
of the HOCT of the second embodiment and the confocal
microscope.

FIG. 15 1s a block diagram of a HOCT device of a third
embodiment.

FIG. 16 1s a
plate.

FI1G. 17 1s a block diagram of a Keplerian beam expander.

FIG. 18 1s a block diagram of a Galilean beam expander.

FIG. 19 1s a comparative table of various beam expanders.

FIG. 20 are vertical resolving power comparison dia-
grams of the HOCT of the third embodiment and the
conventional OCT.

FIG. 21 are vertical resolving power comparison dia-
grams of the HOCT of the third embodiment and the
confocal microscope.

FI1G. 22 1s a block diagram of a light source unait.

schematic diagram of a phase modulation

DESCRIPTION OF EMBODIMENTS

In the following, embodiments of the present mvention
will be described with reference to the drawings.

First Embodiment

FIG. 8 1s a block diagram of an optical tomographic
observation (HOCT) device of the present embodiment. The
optical tomographic observation device 1s provided with a
light source unit 601, an optical observation head unit 602,
a photo-detection unit 603, a control unit 604, a signal
processing unit 605, and an mformation mput/output unit

606.
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First, operations for observing an optical tomographic
structure by the present device will be described. A micro-
processor 611 which 1s included 1n the control unit 604
prepares a modulation signal for measurement correspond-
ing to optical tomographic observation conditions sent from
an mput device 613 included in the information input/output
umt 606 which has been connected thereto via a control
signal cable 612 and transmits the modulation signal to a
laser driver 614.

The light source unit 601 has a light source 615. The light
source 615 1s driven with the modulation signal output from
the laser driver 614. In the present embodiment, a semicon-
ductor laser of 780 nm 1n wavelength was used as the light
source.

A light beam which has been emitted from the light source
615 1s guided to the optical observation head unit 602. Then,
the light beam which has been guided to the optical obser-
vation head unit 602 transmits through a A/2 plate 616. Here,
an optical axis direction of the A/2 plate 616 1s set to 22.5
degrees relative to a horizontal direction and a polarization
direction of the light beam 1s rotated 45 degrees. A polar-
ization beam splitter 617 has a property of reflecting verti-
cally polarized light and making horizontally polarized light
transmuit (all of the polarization beam splitters which will be
described 1n the following have the same property). The
light which has been rotated in polarization 1s split into the
light beam of the vertically polarized light which 1s reflected
by the polarization beam splitter 617 and the light beam of
the horizontally polarized light which 1s transmitted through
the polarization beam splitter 617. Of them, the reflected
light beam 1s made into collimated light by a first collimate
lens 618, thereafter passes through a A/4 plate (an axis
direction: 45 degrees relative to a horizontal polarization
direction) 619 and i1s condensed in a sample 622 by an
objective lens 621 loaded on an actuator 620. Here, a light
spot 624 1s scanned 1n the optical axis direction (an optical
tomographic direction) using a control signal from a position
controller 623 through the objective lens 621 loaded on the
actuator 620 and thereby retlected light corresponding to an
optical tomographic depth 1s obtained from the sample 622.
In the present embodiment, an aspherical plastic lens of
NA=0.55 was used for the objective lens 621.

The reflected light (hereinafter, referred to as signal light)
from the sample 622 traces an optical path which 1s reverse
to that at wrradiation and 1s incident upon the polarization
beam splitter 617 1n a horizontally polarized state. On the
other hand, the light beam (heremafiter, referred to as refer-
ence light) which has been transmitted through the polar-
ization beam splitter 617 1s made into a collimated light
beam by a collimate lens 625, thereaiter i1s retlected just in
the opposite direction by a mirror 626, 1s made into verti-
cally polarized light by reciprocally passing through a A/4
plate 627 (the axis direction: 45 degrees relative to the
horizontal polarization direction) and 1s again incident upon
the polarization beam splitter 617. Here, the signal light and
the reference light are multiplexed 1n a state of being
mutually orthogonal in polarization and 1t 1s guided to the
photo-detection unit 603.

The multiplexed light beam guided to the photo-detection
unit 603 1s half-divided into transmitted light and reflected
light by a non-polarnizing halif-beam splitter 628. The trans-
mitted light passes through a A/2 plate 629 the optical axis
of which has been set to 22.5 degrees relative to the
horizontal direction to be rotated 45 degrees in polarization
and 1s separated into a p-polarized light component and an
s-polarized light component by a Wollaston prism 630. The
separated light beams are respectively incident upon photo-
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diodes 632 and 633 of a differential detector 631 and an
clectric signal which 1s proportional to a difference 1n
intensity thereof 1s output from the diflerential detector 631.
Likewise, the light beam reflected by the non-polarizing
half-beam splitter 628 passes through a A/4 plate 634 the
optical axis of which has been set to 45 degrees relative to
the horizontal direction and thereafter 1s separated by a
Wollaston prism 635, and they are detected by a differential
detector 636. As described later, both of the light beams
which have been separated by the Wollaston prisms 630 and
6335 are interference light 1n which the signal light interferes
with the reference light, and outputs from the differential
detectors 631 and 636 are the ones from which interference
components have been extracted.

The outputs from the differential detectors 631 and 636
are sent to the signal processing unit 605. An output signal
1s sent to a digital signal processing circuit 637 provided 1n
the signal processing unit 605, and a detection signal as light
intensity of the reflected light which has retlected the optical
tomographic structure can be acquired here. The obtained
detection signal 1s demodulated by a demodulation circuit
638, therealter 1s sent to a decoding circuit 639, and 1s stored
in a memory unit 640. The detection signal stored in the
memory unit 640 1s sent to a display device 642 provided in
the information mput/output unit 606 by a graphic processor
641 provided in the control unit 604, and an operator can
confirm an optical tomographic observation image at a
designated position.

Here, a principle that the interference light 1s generated by
the abovementioned operations and thereby the detection
signal derived from the optical tomographic structure 1s
obtained on the principle which i1s different from that of the
OCT will be described. Since the light beam which 1is
incident upon the non-polarizing hali-beam splitter 628
includes the signal light as the s-polarized light component
and the reference signal as the p-polarized light component,
this polarization state 1s as follows when expressed by a
Jones vector.

|Formula 1]

Here, E_ 1s an electric field of the signal light and E 15 an
clectric field of the reference light. In addition, a first
component of this vector indicates the p-polarized light and
a second component indicates the s-polarized light. The
Jones vector after this light beam has been transmitted
through the non-polarizing haltf-beam splitter 628 and
passed through the A/2 plate 629 1s as in the following
formula.

|Formula 2]

(ms 45°
sin 45°

_sin 459]“'&/\5“ ((E,,—Es)/z]

cos 45° | £, /2 “E+EN2

Next, since 1t 1s separated into the p-polarized light
component and the s-polarized light component by the
Wollaston prism 630, the electric fields of the separated light
beams are as in the following formulae respectively, and
they are made into superposition of the signal light and the

reference light, that is, interference light.

Y2 (Er‘_ Es)

LL(E,+E,) [Formula 3]
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On the other hand, the Jones vector after the light reflected
from the non-polarizing half-beam splitter 628 has passed

through the A/4 plate 634 1s as follows.

|Formula 4]

1 (ﬁ—ms Q0)°

sin 90° ]'f Er/ﬁ H
ﬁ sin 90°

k_Eﬂ/ﬁf

i + cos 90°

( i(E, +iE) /2 ]
(Er _ EES)/Q

Next, since 1t 1s separated into the p-polarized light
component and the s-polarized light component by the
Wollaston prism 635, the electric fields of the separated light
beams are as in the following formulae and they are made
into the superposition of the signal light and the reference
light, that 1s, the interference light as well.

1 las
(B, +iE,) Formula 5|

1
E (Er _ EE.S)

Accordingly, the mtensities of four streaks of interference
light are as follows, a first item and a second item respec-
tively indicate mtensity components of the signal light and
the reference light and a third 1tem 1s an 1tem which indicates
the 1nterference of the signal light and the reference light.

2 ‘EF" & F Ay 2 F—5& COS ¢)
2 "E.il”' & - F Ay 2 F—5 COSs ';b
Ve viry| = —1|E|2+—1|E|2+—1|EE| inA

2( F I .5) :I F :I LY 2 F—5 51 ';b
2 'a L Y - 1 'a 1 & 2 F—5 51 ¢}

In the above formula, A¢ 1s a phase of the signal light with
a phase of the reference light being set as a standard and this
1s the modulation signal to be detected. Since outputs from
the differential detectors 631 and 636 are proportional to a
difference 1n intensity between these streaks of branched
light, they are made as outputs which are respectively
expressed by the following formulae and are proportional to
the above 1tems 1ndicating the interference.

D =IE E [cos Ag

D=IE,E Isin Ag [Formula 7]

The outputs from the abovementioned differential detec-
tors 631, 636 are first A/D converted by the digital signal
processing circuit 637 and thereafter are input into an
arithmetic operation circuit, and the following result of
arithmetic operation 1s output.

VD, 2+D,2=E E | [Formula 8]

It 1s possible to obtain a signal which 1s proportional to the
square root of an intensity value of the signal light by
generating the mterference light of the signal light and the
reference light and detecting i1t as mentioned above. If the
square root 1n the formula (8) 1s omitted, there will be given
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a signal which has been proportional to the intensity value
of the signal light. The formula (8) does not include the
phase 1tem of the electric field and indicates that optical path
length correction which was required in the existing optical
amplification technology and 1s high 1n nanometer accuracy
becomes unnecessary. That 1s, the simple optical interfer-
ence amplification technology 1s realized by using the pres-
ent detection method.

Then, the reason why optical tomographic observation 1s
possible by using the present detection technology will be
shown. In the present detection technique, a substance
surface of the light spot 624 which has been condensed by
the objective lens 621 and observation surfaces of the four
photodiodes 632 and 633 are 1n an 1maging relation. At this
time, the light spot 624 1s defocused at a position remote
from the substance surface in the optical tomographic direc-
tion and enters a state where the phase distribution of light
has been disturbed. This indicates a state where the phase
relation of the signal light with the reference light has been
disturbed on the photodiodes 632 and 633 serving as obser-
vation surfaces, and suflicient signal amplification cannot be
realized at this time. On the other hand, since the signal light
and the reference light which are in a focused state enter a
state of being in phase with each other on the photodetector,
signal amplification indicated 1n the formula (8) 1s realized.
That 1s, these results indicate that signal amplification 1s
performed only when there 1s a boundary between different
kinds of materials on the substance surface, that 1s, reflec-
tance change occurs, and on the other hand, a stray light
component which 1s generated 1n the defocused state 1n the
general optical observation technique can be cut.

In the present embodiment, a reference sample that two
sheets of cover glass of 100 um 1n thickness had been nipped
and 1inserted with silicon o1l was prepared 1n order to
evaluate the vertical resolving power. In case of one sheet of
cover glass that the sample has been placed in the air, a
reflected light amount of about 4% 1s obtamned from an
interface of air (the refractive index: n=1) and the glass (the
refractive index: n=1.51). However, 1n the present invention,
since 1t aims at detection of a low retlected light amount such
as that of a biological sample, a reflected light amount of
about 0.1% from an interface of the silicon o1l (the refractive
index: n=1.41) and the glass (the refractive index: n=1.51)
was evaluated. Since nothing 1s nipped between the two
sheets of glass, a space between the sheets of glass 1s about
several um.

FIG. 9 1s diagrams comparatively showing the vertical
resolving powers of the HOCT of the present embodiment
and the conventional OCT. In addition, the mark * in the
drawings shows a situation which has been realized by the
present embodiment. On the left n FIG. 9, a relation
between the wavelength half value at half maximum and the
vertical resolving power of the light source was graphed and
a region realization of which 1s diflicult by the conventional
OC'T was hatched. This region 1s a region which satisfies the
formula (ID-3). On the other hand, on the right 1n FIG. 9, a
relation between NA and the vertical resolving power 1n the
HOCT was graphed. The right drawing 1n FIG. 9 shows that
the vertical resolving power of the HOCT 1s improved with
heightening NA as in the formula (A-7). Here, NA with
which the HOCT wvertical resolving power =15 um 1s
attained falls within a region of 0.25=NA=0.9 shown by an
arrow on the right in FIG. 9.

A result that the reference sample was measured under the
condition shown by the mark * i FIG. 9 1s shown 1n FIG.
10. As apparent from FIG. 10, 1t was possible to measure the
cover glass space of 5 um in the HOCT regardless of the
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reference sample of the low reflectance. In addition, when
the vertical resolving power of the HOCT was measured
with attention to a retlected signal in FIG. 10, 1t was
confirmed that 2.3 um could be realized.

When sorting out the above results, as shown by the mark
*1n FI1G. 9, 1n the present embodiment, the vertical resolving

power of 2.3 um (the full width at half maximum FWHM of
the light spot 1n the optical axis (z) direction) realization of
which 1s diflicult for the conventional OCT was attained by
using the semiconductor laser which achieves the wave-
length A=780 nm and the wavelength half width at half
maximums=1 nm, and the objective lens of NA=0.55.

In addition, FIG. 11 1s a diagram comparatively showing,
the vertical resolving powers of the HOCT of the present
embodiment and the confocal microscope. FIG. 11 1s the one
which illustrates the relations between NA and the vertical
resolving power 1n the HOCT and the confocal microscope

indicated 1n the above formula (A-7) and (C-5). As shown by
the mark * 1n FIG. 11, 1t 1s found that 1t 1s difficult for the
conventional confocal microscope to realize the vertical
resolving power of 2.3 um (the full width at half maximum

FWHM of the light spot in the optical axis (z) direction)
which has been attained by the semiconductor laser which
achieves the wavelength A=780 um, and the objective lens
of NA=0.55, the PD of the detector size S=2500 um~* (50 um
), and the HOCT optical system of the present embodi-
ment which achieves the detection magnification M=10.

That 1s, also from FIG. 9, FIG. 10, FIG. 11, it could be
confirmed that in the HOCT, the vertical resolving power
which exceeds that of any of the conventional OCT and the
confocal microscope can be obtained by appropnately
selecting NA of the objective lens, the detector size and the
detection magnification even when a high coherence light
source which 1s small 1n wavelength half value at half
maximum was used.

In addition, in the present embodiment, the objective lens
621 1s driven 1n the optical axis direction and 1n a direction
orthogonal thereto by the actuator 620, aiming at miniatur-
1ization of the device and measurement time reduction. This
actuator 1s configured by a magnetic circuit including a yoke
and a permanent magnet, a movable part to which the
objective lens and a drive coil have been attached, a sta-
tionary part for holding this movable part, and a support
member which 1s connected to the stationary part and
clastically supports the movable part. When a current 1is
made to flow through the coil in a magnetic field produced
by the magnetic circuit including the yoke and the perma-
nent magnet, Lorentz force 1s generated and the movable
part 1s driven 1n the optical axis direction or the direction
orthogonal to the optical axis. That 1s, since 1t 1s possible to
scan the objective lens by changing the current to be applied
to the coil, the abovementioned actuator 1s favorable for
acquiring an optical tomographic 1image by scanning the
light spot.

Second Embodiment

The block diagram of an optical tomographic observation
device of the present embodiment 1s FIG. 8 similarly to the
first embodiment. In the present embodiment, not only
miniaturization and simplification of the optical tomo-
graphic observation device but also heightening of the
resolving power were performed, by using a semiconductor
laser of the wavelength A=405 nm for the light source 615
of the light source unit 601 and an aspherical glass lens of
NA 0.85 (magnification 1s equivalent to x100 times) for the
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objective lens 621. Other fundamental configurations and
operations are the same as those 1n the first embodiment.

FIG. 12 1s diagrams comparatively showing the vertical
resolving powers of the HOCT of the present embodiment
and the conventional OCT. The mark * in the drawings
indicates the situation realized by the present embodiment.
In addition, FIG. 13 1s a diagram showing a result that the
previously described reference sample was measured under
the condition 1ndicated by the mark * 1n FIG. 12. When the
vertical resolving power of the HOCT was measured with
attention to the detection signal in FIG. 13, 1t was confirmed
that 0.47 um could be realized. When sorting out the above,
in the present embodiment, the vertical resolving power of
0.47 um (the tull width at half maximum FWHM of the light
spot 1n the optical axis (z) direction) realization of which 1s
difficult for the conventional OCT was attained by using the
semiconductor laser which achieves the wavelength A=405
nm and the wavelength half width at half maximum=1 nm,
and the objective lens of NA=0.85. It 1s the characteristic of
the phase diversity detection that the vertical resolving
power=l um can be realized by using the semiconductor
laser which 1s high in versatility in this way.

FIG. 14 1s a diagram comparatively showing the vertical
resolving powers of the HOCT of the present embodiment
and the confocal microscope. As shown by the mark * 1n
FI1G. 14, 1t 1s found that 1t 1s difficult for even the confocal
microscope to realize the vertical resolving power of 0.47
um (the full width at half maximum FWHM of the light spot
in the optical axis (z) direction) which was attained by using
the semiconductor laser of the wavelength A=405 nm, the
objective lens of NA=0.85, the PD of the detector size
S=1600 um~ (40 um ), and the HOCT optical system of the
present embodiment of the detection magnification M=10.

That 1s, also from FIG. 12, FIG. 13, FIG. 14, 1t could be
confirmed that i the HOCT, the wvertical resolving
power=0.5 um which not only exceeds the vertical resolving,
power of any of the conventional OCT and the confocal
microscope but also 1s said to be diflicult for the conven-
tional optical measurement technology could be obtained by
appropriately selecting NA of the objective lens, the detector
s1ze, and the detection magnification even when a high
coherence light source which 1s small in wavelength half
width at hallf maximum was used.

In the second embodiment, NA with which the HOCT
vertical resolving power<7.5 um the superiority of which 1s
definite 1 comparison with the conventional OCT 1s
attained falls within the region of 0.25=NA=<0.9 from FIG.
12. Since the vertical resolving power of the HOCT 1s
proportional to the wavelength A of the light source, 1t 1s
obvious also from the above formula (A-3) that, like the
wavelength has been reduced to almost half in comparison
with the wavelength of the first embodiment, NA which
satisfies the vertical resolving power which 1s half the
magnitude thereof {falls within the same range
(0.25=NA=<0.9) as the range of the first embodiment and the
second embodiment. That 1s, 1t 1s found also from the first
embodiment and the second embodiment that a lower limait
value of NA which 1s required for the HOCT 1n order to
exhibit the resolving power which 1s higher than the resolv-
ing power ol the conventional OCT not depending on the
wavelength of the light source 1s NA=0.23.

When the same range of NA (0.25=NA=<0.9), and the
measured wavelength 400 nm=A=850 nm, the wavelength
half width at half maximum O0=AA=25 nm have been 1ndi-
vidually set in consideration of the results of the first
embodiment and the second embodiment, 1f the detection
system, the detector size S and the detection magnification
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M such as those shown in the following formulae are
satisfied, the formulae (D-3) and (D-4) will always be
established.

400=h=850 (nm)
O=AA=<25 (nm)
0.25=NA=<0.9
4=S=<100 (um?)
2=M<=10

(however, 2=V(S/AM*)=10 (um))

Since the configuration parameters of the mdividual opti-
cal systems of the HOCT system can be independently
defined by the above formulae i1n this way, the optical
tomographic observation device which makes the high ver-
tical resolving power possible by simple component selec-
tion without checking the complicated formulae (ID-3) and

(D-4) can be provided.

Third Embodiment

FIG. 15 1s a block diagram of an optical tomographic
observation device of the present embodiment. In the pres-
ent embodiment, a light source unit 1101, an optical obser-
vation head umt 1102 and a photo-detection unit 1103 were
modularized, and other configurations were mad the same as
those 1n the first and second embodiments. Further, in the
present embodiment, 1t was configured so as to realize a
tull-field type one which can acquire an HOCT signal on a
focal surface (an xy plane) on the observation sample,
aiming at speeding-up of the HOCT. The point that the
tull-field type HOCT 1s diflerent from the conventional OCT
in configuration of the optical system lies 1n the configura-
tions of the light source unit and the photo-detection unit. In
the following, the configurations thereotf will be described in
detail. Since the configuration in the optical observation
head 1102 1s almost the same as those of the first and second
embodiments, description using the numerical formulae and
so forth 1s omuitted.

The light source unit 1101 used in the present embodi-
ment used a light emitting diode (LED) of the wavelength
2=520 nm and the wavelength half width at half minimum
of 10 nm which 1s a surface light source of a spot diameter
of 20 um as a light source 1104. Since, in the full-field type
one, 1t 1s necessary to perform illumination on the entirety of
an observation region, the 1llumination size should be made
the same as the size of an observation field (in the present
embodiment, 200 um). In the present embodiment, one pair
of lens pairs which 1s called a beam expander was used 1n
order to enlarge the spot diameter 20 um of the LED to 200
um on the focal surface on the observation sample.

As generally used beam expanders, a block diagram of a
Keplerian beam expander 1s shown in FIG. 17 and a block
diagram of a Galilean beam expander 1s shown 1n FIG. 18.
In addition, a comparative table of various beam expanders
1s shown 1n FIG. 19. As shown 1n FIG. 17 to FIG. 19, 1t 18
found that the systems of the beam expanders are mutually
different and the full lengths of the beam expander units are
mutually diflerent depending on a diflerence 1n kind of the
lens used. In the present embodiment, in beam expander that
x10-time beam diameter enlargement 1s possible, the Gali-
lean one that a beam expander full length L can be shortened
to 90 mm was adopted, aiming at mimaturization of the
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optical system. A focal length 11 of a lens 1 used 1s =10 mm
and a focal length 12 of a lens 2 1s 100 mm.

Of course, the Keplerian one may be used and a beam
expander by a combination of two or more lenses may be
used unless otherwise restricted 1n size and so forth. The
Keplerian one has an advantage that a readily available
beam expander can be used, and 11 it 1s the beam expander
by the combination of two or more lenses, 1t 1s also possible
to structure an optical system that the magnitude of enlarge-
ment of the beam diameter can be adjusted later.

Light which has been emitted from the light source 1104
1s converted into collimated light by a collimate lens 1105,
the beam diameter thereof 1s enlarged by the atorementioned
beam expander umt 1106, and the polarization direction
thereot 1s adjusted by a A/2 plate 1107. An objective lens

1108 15 arranged so as to focus the light on a surface after 1t
has passed through the A/2 plate 1107. The light beam which
has passed through the A/2 plate 1107 1s split into the signal
light and the reference light by a polarization beam splitter
1109, the signal light 1s converted into circularly polarized
light by a A/4 plate 1110 and 1s made to irradiate a sample
1112 therewith by an objective lens 1111. A reflected signal
from the sample 1112 again passes through the A/4 plate
1110 and 1s guided with the photo-detection umt 1103 side
in a state of having been rotated by 90 degrees 1n polariza-
tion via the polarization beam splitter 1109. On the other
hand, the reference light was configured so as to be con-
verted mto circularly polarized light by the A/4 plate 1110
and thereafter condensed on a mirror 1114 by a condensing
lens 1113.

Here, 1t 1s preferable to select lenses of the same speci-
fication for the objective lens 1111 and the condensing lens
1113. 1n the present embodiment, since surface illumination
1s used, an off-optical axis aberration that each optical
component has becomes a problem. Accordingly, if the
optical systems for the signal light and the reference light are
designed such that they pass through the optical components
of the same kind, 1t will become possible to simply construct
the reference optical system after these aberrations have
been included.

The light reflected by the mirror 1114 again passes
through the A/4 plate 1110 and 1s guided with the photo-
detection unit 1103 side 1n a state of having been rotated by
90 degrees 1n polarization via the polarization beam splitter
1109 similarly to the signal light. The signal light and the
reference light were made to be multiplexed by the polar-
ization beam splitter 1109, thereafter to again pass through
the A/4 plate 1110 to be converted into the circularly
polarized light, and thereafter to be condensed 1n the photo-
detection unit by a detection lens 1115. This 1s preparation
for acquisition of four kinds of light interference signals 1n
the later described photo-detection umt 1103 by a simple
configuration. The photo-detection unit 1103 1s provided
with a phase modulation plate 1116 and a photodetector
1117.

In addition, 1 the present embodiment, lenses of the same
specification were selected also for the objective lens 1108
and the objective lens 1111. The i1llumination size on the
focal surface on the observation sample 1s determined by an
NA ratio between these two lenses, that 1s, the magmfication.
In the present embodiment, since the lenses of the same
specification were selected, the magnification herein 1s x1.
Theretore, the 1llumination size on the focal surface on the

observation sample was 200 um which 1s the same as the
diameter of the light beam after passed through the A/2 plate
1107.
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The phase adjustment plate 1116 used for acquiring the
four kinds of the light interference signals acts as a polarizer
for the light beam which has passed through it. The plurality
of light interference signals required for generation of a
homodyne phase diversity signal can be acquired by surface-
receiving the light beams which have passed through the
phase modulation plate 1116 1n bulk by the photodetector
1117. A detailed function of the photo-detection unit will be
described using FI1G. 16. FIG. 16 1s a schematic diagram of
the phase modulation plate in the optical tomographic obser-
vation device of the present embodiment. The phase modu-
lation plate 1s configured by a photonic crystal polarizer of
a structure which 1s diflerent for every region. The photonic
crystal 1s an element which can control 1ts optical charac-
teristics by multiple reflection (Bragg reflection) of light
which occurs 1n a periodic structure. Arrangement thereof on
a substrate plane 1s, since pattern formation (lithographic
drawing and so forth) 1s realized by a semiconductor pro-
cessing technology, a multi-dimensional periodic structure
of wavelength order, submicron order can be fabricated by
freely setting the regions.

In the present embodiment, as the phase modulation plate,
a micro-lens array element integrated with a region segmen-
tation polarizer which has been fabricated by an auto-
clonming method was adopted. The configuration 1s made
such that the polarizers which are made mutually different 1n
azimuth for every region are elaborated by the photonic
crystals and the light beam which has passed through each
polarizer 1s guided to each detection circuit (each pixel)
provided on a CCD surface by the micro-lens array. When
the phase modulation plate 1s combined with the CCD,
different light interference signals as indicated in the fol-
lowing formula can be extracted by using the polarnizers for
four regions (directions) of O degree, 45 degrees, 90 degrees
and 135 degrees as one unit for every CCD (2x2) pixels. In
the present embodiment, not the combination of a phase
plate with the polarization beam splitter but an integrated
polarizing plate having different orientation axis azimuths
was used. However, while the former rotates a polarization
azimuth by the phase plate and segments each polarized
light component by the PBS, the latter can detect only
desired polarized light components on the detector by cut-
ting the polarized light components other than those of the
orientation axis azimuths by the polarizing plate, and there-
fore formula (9) can be obtained similarly to formula (3) and
formula (5) without changing the function for performing
phase modulation.

_ —F _ 2

()

_ — _ : 2
D(x,y) _D(29+1,2p)_Q1_1/£I |E5fg+IEr€f‘

__ Y - 2
D(x,y) _D(202p+ 1) _QE_I/'EI |E51’g_ IEref‘

D(I,_}’) :D(20+1,2p+l)212:% |E5ig_Er'€f‘2 [FGTIHUIH 9]

However, 0<0=0/2, 0<p=P/2 (each of o, p, O, P 1s an
integer), and 1 1s an 1maginary number.

Thereatter, 1t became possible to detect the homodyne
phase diversity signal by one photodetector by performing
current differentiating type differential detection on a pair of
streaks of the interference light that phases are mutually
different by almost every 180 degrees for every unit as
indicated by the following formula.

Sig(EDQP)E;(‘D(EaQP};D(EQ+l,2p+21))2+(D§29+1:-25?)_D(26‘=.
2}’”‘1)) :(II_IE) +(Q1_Q2) :|E5fg| |Er€f‘

Incidentally, although in the present embodiment, the
photonic crystal polarizer was used for the phase modulation

[Formula 10]
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plate, a region-segmented polarized light filter and a dii-
fraction grating may be used. Although 1t 1s preferable to
integrate the photonic crystal polarizer with the micro-lens
array and the CCD from the viewpoint of integration, 1t 1s
also possible to move the phase wavelength plate to the
optical observation unit side. The same advantageous eflect
can also be obtained by adding a pair of objective lenses to
the optical observation unit side so as to form another
imaging surface and inserting the abovementioned region
segmented polarized light filter and diffraction grating into
that imaging surface. It has such advantages that the fabri-
cation 1s easy in comparison with the photonic crystal
polarizer and the tolerance (the allowance) in positional
adjustment of the region-segmented polarized light filter and
diffraction grating can be increased by increasing the mag-
nification on another 1imaging surface.

In the present embodiment, a Y2-type CCD 1mage sensor
was used for the photodetector 1117. The number of CCD
pixels 1s lengthwisexcrosswise: 640x480. Of course,
although a number of pixels which 1s larger than this may be
selected, even when the signal 1s detected with a pixel size
which 1s smaller than a spatial resolving power of the HOCT
optical system, not only drastic 1mage quality improvement
cannot be expected but also demerits are generated from the
viewpoint of a signal processing time and energy consump-
tion. Here, 1t was made so as to satisiy the conditions of the
formulae (D-3), (D-4) and (E-3) by setting NA of the
objective lens to 0.5, the detector size S for every CCD
pixel=100 pm~ (10 um [J) and the detection magnification to
4. In the present embodiment, the 1llumination which was
200 um on the observation surface amounts to 800 um on the
CCD detection surface and it just corresponds to the length
of the diagonal of the CCD i1mage sensor.

When L+, 15 an 1llumination size, 1t 1s preferable to
satisty the following formula.

Ly iVSxV(O°+Py) VM

M: detection magnification

S: detector area for one pixel configuring the photodetec-

tor

(OxP): number of photo-detection elements configuring

the photodetector

Although, this time, the CCD was adopted for the pho-
todetector 1n consideration of signal quality, other solid-state
image pickup elements such as a CMOS 1mage sensor may
be used for the photodetector. Not only the CMOS can be
manufactured cheaply but also there are merits such as
high-speed responsiveness and low voltage drive.

FIG. 20 1s diagrams comparatively showing the vertical
resolving powers of the HOCT of the present embodiment
and the conventional OCT. In addition, the mark * in the
drawing indicates the situation which has been realized by
the present embodiment. When attention 1s paid to the mark
* 1 FIG. 20, mn the present embodiment, the vertical
resolving power of 1.84 wm (the full width at half maximum
FWHM of the light spot in the optical axis (z) direction)
realization of which 1s diflicult for the conventional OCT
could be attained by using the semiconductor laser which
achieves the wavelength A=520 um and the wavelength half
width at half maximum=10 nm, and the objective lens of
NA=0.5.

FIG. 21 1s a diagram comparatively showing the vertical
resolving powers of the HOCT of the present embodiment
and the confocal microscope. Here, when attention 1s paid to
the mark * in FIG. 21, in the present embodiment, the
vertical resolving power of 1.84 um (the full width at half
maximum FWHM of the light spot 1n the optical axis (z)
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direction) realization of which 1s dithicult even for the
confocal microscope could be attained by the semiconductor
laser which achieves the wavelength A=520 um, and the
objective lens of NA=0.5, the CCD of the detector size S per
pixel=100 um* (10 um [J), and the HOCT optical system
which achieves the detection magnification M=4.

Fourth Embodiment

Although, 1n the present embodiment, 1t was configured to
realize the full-field type one similarly to the third embodi-
ment, 1t 1s different 1n the point that the semiconductor laser
(LD) was used for the light source. FIG. 22 1s a block
diagram of a light source unit 1n an optical tomographic
observation device of the present embodiment. In the pres-
ent embodiment, 1n a light source unit 1501, the LD which
1s a point light source of 2 um 1n emaitted spot diameter and
which 1s the wavelength=520 nm and the wavelength half
width at half maximum=1 nm was used as a light source
1502. Incidentally, 1f 1t 1s the point light source, the gas laser,
the solid-state laser and so forth can also be used. Although
these light sources are increased in size and power con-
sumption, there are such advantages that the output can be
made large, the wavelength half width at half maximum can
be made small and so forth.

In order to full-field this point light source, 1t 1s necessary
to convert 1t into the surface light source. However, if the
beam expander used 1n the third embodiment 1s applied as 1t
1s, the magnification for enlargement which becomes nec-
essary will amount to x100 and 1t will no longer have the
realistic size of the optical system. Accordingly, in the
present embodiment, it was configured to couple laser light
emitted from the light source 1502 to an optical waveguide
1504 using a coupling lens 1503. At this time, the light spot
which 1s approximate to a core diameter of the light wave-
guide, that 1s, the surface light source can be obtained on an
outgoing end surface of the optical waveguide 1504. Since
this light spot turns to diverging light having a divergence
angle according to a core/clad refractive index ratio of the
optical waveguide 1n the air, 1t was configured to make 1t into
the collimated light by using a collimate lens 1505 and to
guide 1t to the optical observation unit. By configuring it 1n
this way, such advantages arose that (1) simple designing of
the surface light source becomes possible 1n the design (the
core diameter, the core/clad refractive index ratio) of the
optical waveguide and (2) an enlargement/reduction ratio of
the surface light source can be adjusted by selecting the
collimate lens and the objective lens. In particular, since the
s1ze of the point light source such as the semiconductor laser
and on forth 1s generally about several um, in order to
illuminate the visual field of, for example, 500 to 600 um, 1t
1s necessary to increase the spot size by 100 or more times
and enlargement of the optical system 1s induced by spot
enlargement by a simple combination of the plurality of
lenses. On the other hand, in the present embodiment, 1t 1s
once increased by several-ten times 1n the optical waveguide
and then the spot size adjustment of several times may be
performed by the collimate lens and the objective lens. In the
present embodiment, a multi-mode fiber of 0.22 in NA and
200 um 1n core diameter was used as the optical waveguide
1504. Although the light having the divergence angle (0.22
in NA) 1s outgone from the end surface of the optical
waveguide 1504, the illumination light having the beam
diameter of 200 um could be formed similarly to the third
embodiment by making 1t into the collimated light by the
collimate lens 1505 of 0.5 in NA which 1s larger than NA
thereof.
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Other fundamental configurations and operations of the
present embodiment are the same as those of the third
embodiment. In the present embodiment, since simple sur-
face 1llumination can be realized by the light source enlarge-
ment unit even when the semiconductor laser which 1s the
point light source 1s used, the full-field OCT which can be
speeded up could be realized. In addition, since the semi-
conductor laser can be used, it 1s possible to relax the
component adjustment accuracy of the interference optical
system down to mm order by making use of the long
coherence length. This contributes to cost reduction of the
optical tomographic device that uses the HOCT.

Incidentally, the present invention 1s not limited to the
abovementioned embodiments and various altered examples
are included therein. For example, the abovementioned
embodiments have been described in detail in order to
describe the present mnvention so as to be easily understand-
able and are not necessarily limited to those possessing all
of the configurations which have been described. In addi-
tion, 1t 1s possible to replace part of a configuration of a
certain embodiment with a configuration of another embodi-
ment, and 1t 1s also possible to add a configuration of another
embodiment to a configuration of a certain embodiment. In
addition, 1t 1s possible to perform addition, deletion, and
replacement ol another configuration in regard to part of a
configuration of each embodiment.

INDUSTRIAL APPLICABILITY

According to the present invention, 1t becomes possible to
provide the interference type optical tomographic observa-
tion device which can output a stable amplified signal and
has the high vertical resolving power, not influenced by
various characteristic variations which would occur 1n the
actual optical system. In addition, the interference type
tull-field optical tomographic observation device which can
be speeded up while having the high vertical resolving
power can be provided.

REFERENCE SIGNS LIST

601: light source unit, 602: optical observation head unit,
603: photo-detection unit, 604: control unit, 603: signal
processing unit, 606: information input/output unit, 615:
light source, 620; actuator, 621: objective lens, 622: sample,
624: light spot, 626: mirror, 630, 635: Wollaston prism, 631,
636: differential detector, 1116: phase modulation plate,
1117: photodetector, 1504: optical waveguide

The 1nvention claimed 1s:
1. An optical tomographic observation device, compris-
ng:

a light source which emits laser light;

an optical system provided with an optical element which
splits a light beam emitted from the light source mto a
first light beam and a second light beam, an objective
optical element which condenses the first light beam
onto a sample and 1rradiates 1t with the first light beam,
and receives reflected light reflected from the sample as
signal light, a reflection element which 1s provided 1n
an optical path of the second light beam and retlects the
second light beam as reference light, and an optical
clement which multiplexes the signal light and the
reference light;

a plurality of photodetectors;

an interference optical system which guides the multi-
plexed light beam to the plurality of photodetectors and
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makes the signal light interfere with the reference light
on each detector in a relation that they are mutually
different 1n phase;

a control unit which controls a condensing position of the
first beam with which the sample is to be 1rradiated; and

an arithmetic operation circuit which performs an arith-
metic operation of making outputs from the plurality of
photodetectors into mputs and acquires a detection
signal corresponding to the signal light,

wherein when A 1s a wavelength of the laser light, A\ 1s
a wavelength half width at half maximum, NA i1s a
numerical aperture of the objective optical element, S
1s an ellective area of the photodetector, and M 1s a
detection magnification of a detection surface relative
to a condensing surface, the following formula 1is

satisfied
L kA
NAZ  0.886 AA

A S
= = 0.901 2
(NAV1 - NA?)

0.441 < k) =< 0.750.

2. The optical tomographic observation device according,
to claim 1, satisiying

400=A=850 (nm)
O=Ah=25 (mm)
0.25=NA=<0.9
4=S=100 (um?)
2=M<=10

(however, 2=V (S/M*)=10 (um)).

3. The optical tomographic observation device according
to claim 1, wherein the objective optical element 1s an
objective lens, and the control unit moves the objective lens
in an optical axis direction 1n order to scan a condensing
position by the objective lens.

4. The optical tomographic observation device according
to claim 1,

wherein the number of the photodetectors 1s four, and

a pair of streaks of interference light that interference

phases of the signal light and the reference light on the
four photodetectors are mutually different by an 1inte-
gral multiple of almost 90 degrees, and the 1interference
phases of the signal light and the reference light are
mutually different by almost 180 degrees 1s detected by
a differential detector.

5. The optical tomographic observation device according
to claim 1, wherein the light source 1s any of a gas laser, a
solid-state laser, a semiconductor laser and a super-lumines-
cent diode of which the wavelength half width at half
maximum 15 O=Al=25 (nm).

6. An optical tomographic observation device, compris-
ng:

a light source which emits laser light;

an optical system provided with an optical element which

splits a light beam emitted from the light source nto a
first light beam and a second light beam, an objective
optical element which condenses the first light beam
onto a sample and 1rradiates 1t with the first light beam
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as surface 1llumination, and receives reflected light
reflected from the sample as signal light, a reflection
clement which 1s provided 1n an optical path of the
second light beam and retlects the second light beam as
reference light, and an optical element which multi-
plexes the signal light and the reference light;

a photodetector provided with a plurality of two-dimen-
stonally arranged photo-detection elements;

an interference optical system which guides the multi-
plexed light beam to the photodetector and makes the
signal light interfere with the reference light on the
plurahty of photo-detection elements of the photode-
tector 1n a relation that they are mutually different 1n
phase;

a control unit which controls a condensing position of the
first beam with which the sample 1s to be irradiated; and

an arithmetic operation circuit which performs an arith-
metic operation of making outputs from the plurality of
photodetectors 1nto mputs and acquires a detection
signal corresponding to the signal light,

wherein when A 1s a wavelength of the laser light, AA 1s
a wavelength half width at half maximum, NA 1s a
numerical aperture of the objective optical element, S
1s an area of the detection element on the photodetector,
and M 1s a detection magnification of a detection
surface relative to a condensing surface, the following
formula 1s satisfied

1 ki A
-

NAZ — 0.886 AA

! <0901,/ =
(NAVI-NAZ) N M

0.441 < £ = 0.750.

7. The optical tomographic observation device according,
to claim 6, wherein the NA satisfies

0.250=NA=0.574.

8. The optical tomographic observation device according
to claim 6,

wherein the number of the photodetector 1s one, and the
photo-detection elements are combined together for
every adjacent 2x2 ones,

the photodetector has a phase modulation plate arranged
in front of a detection surface,

the phase modulation plate has a function of modulating
the phase of incident light such that a pair of streaks of
interference light that interference phases of the signal
light and the reference light are mutually different by an
integer multiple of almost 90 degrees and the interfer-
ence phases of the signal light and the reference light
are mutually different by almost 180 degrees relative to
the 2x2 photo-detection elements 1s incident upon the
every adjacent 2x2 photo-detection elements, and
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when (OxP) 1s a number of the photo-detection elements
which configure the photodetector and D, 1s a signal
acquired by the photo-detection elements arranged at
positions (X, v) on the photodetector, the following
formula 1s satisfied

D,y =D 202y =1="4IE

Sig

+E, A
_ ) — : 2
D(x,y) _D(20+1,2p)_Q1_1’/£I |Esfg+IEr€f‘
_ 2
D(x,y) D(292p+ 1) Q2 YAlE sig IE}"E‘f‘

__ . 2
D(x,y) _D(20+1,2p+1)_12_% |Esig_Er€f‘

However, O<o0=0/2, O<p=p/2 (any of o, p, O, P 1s an

integer) and 1 1s an 1maginary number.

9. The optical tomographic observation device according,
to claim 8, wherein a detection signal Sig,,, ,, at positions
(20, 2p) obtained by the optical tomographic observation
device 1s such that a pair of streaks of interference light that
phases are mutually different by almost every 180 degrees 1s
differentially detected so as to satisty the following formula

for every pair of the 2x2 circuits

Slg(EDQp) (D(za,zp)—D(zml 2p+l)) +HD o041 2 _D(Ec},
2p+1)) =1 1—12) +H Q- Qz) = £l |Ereﬂ

10. The optical tomographic observation device according
to claim 6,

wherein the light source 1s provided with any of a gas

laser, a solid-state laser, a semiconductor laser, a super-
luminescent diode, a light emitting diode, a surface
emission semiconductor laser and an electrolumines-
cence clement of which the wavelength half width at
half maximum thereof 1s 0=AA=25 (nm), and a light
source enlargement unit, and

the light source enlargement unit performs surface irra-

diation on the sample by making the size of an 1llumi-
nation spot on a condensing surface of an observation
sample that the light source forms larger than the size
which can be detected on the entire surface of the
photodetector.

11. The optical tomographic observation device according
to claim 10, wherein the light source enlargement unit has an
optical waveguide and a collimate lens, and makes a light
spot emitted from the light source which has been coupled
to the optical waveguide into collimated light by the colli-
mator lens, condenses the light spot by the objective optical
clement and thereby enlargedly projects the light spot on an
outgoing end surface of the optical waveguide onto a
condensing surface of the sample 1n accordance with lateral
magnifications of the collimator lens and the objective
optical element.

12. The optical tomographic observation device according
to claim 10, wherein the light source enlargement unit 1s a
beam expander configured by a plurality of lenses, and
enlargedly projects the light spot on an outgoing end surface
of the light source onto the condensing surface of the sample
in accordance with a lateral magnification of the beam
expander.
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